provides an order of magnitude for the recoverable Abstract -This article will begin by presenting two power power vs. swell height Hs and period Tp.
system and leads to a complex system design that requires a fullscale modeling description. The WEC concept is based on a pendulum set in a closed A unique design methodology for the all-electric conversion chain buoy actuated by the swell through excitation forces [2] (see has been developed around several distinct control modes, Fig. la) . The lever or pendulum executes rotational including one featuring power leveling. movements transmitted to an active recovery system (itself coupled to a charge via an electronic power converter), which Index Terms -wave energy conversion -electromagnetichrecovers a portion of its kinetic energy produced. Figure lb provides a computer graphic of the system featuring I. INTRODUCTION hydroelectric conversion [4] .
The layout of a PTO that adapts well to the swell According to the World Energy Council (WEC) [1] , wave characteristics associated with a particular geographic site is to energy constitutes an available and economically-accessible be optimized by incorporating the actual measured swell reserve estimated at between 140 and 700 TWh/year, in net cycles. Moreover, the design and optimization of such a terms, i.e. approximately 1% to 5% of the annual worldwide system in necessitate including the rather strong couplings demand for electricity. The recoverable energy could reach as physically existing between the hydrodynamic, mechanical high as 2,000 TWh/year with more efficient conversion and control phenomena. In an initial approach, the systems.
electromechanical part may be modeled by a simplified Swells are described as the overlapping of several gradual recovery function and confined to the recovery braking torque, and monochromatic elementary waves, with all phases being whose evolution over time has been optimized in the aim of random. Studies have shown that the sea state, i.e. the quantity maximizing, for a given set of excitation conditions, electrical of energy contained within each of the elementary waves energy while minimizing the size of the conversion chain. making up a swell, is a slowly-varying non-periodic function. The sea state may be modeled within the frequency spacefby means of an energy spectrum that depends upon two parameters, i.e.:__ the significant height (peak-to-valley) FP denotes the force being exerted by the pendulum; this A sample of the results obtained from this study appear in force depends on X, X and the set of geometric parameters Table II An "all-electric" solution has also been assessed for potential industrial application following an initial electro-III. ENERGY CONVERSION CHAIN hydraulic phase (see Section III.A). The remainder of this We will now present the two technological solutions article will lay out the design methodology for this solution. intended to convert mechanical energy from the pendulum The pendulum is damped by an electromagnetic generator excited by the swell into electrical energy.
driven by an IGBT static converter along with pulse width modulation (2 three-phase bridges, back-to-back on both the A. The "hydroelectric" solution machine and network sides), in association with a system that In the specific case of wave energy converters, hydraulic imposes a set of optimized control laws. The generator may be conversion systems are often used given their suitability to directly coupled to the pendulum (i.e. direct drive) or coupled wave energy applications, which display the following via a mechanical multiplier (both of these options are currently properties:
under study). The research presented herein pertains to the -Low speeds and high forces are induced by the waves. In optimal electromagnetic generator design and its static industry, hydraulic systems are commonly used whenever converter solely in the direct drive mode. The multi-physical higher forces and smaller motions are required; couplings and swell cycle complexity necessitate developing a -Incident power fluctuates in both time and amplitude. specific design optimization methodology that incorporates
Coupled with a pneumatic storage device, the PTO can the control laws. smooth incident power fluctuations. With a hydraulic solution, the SEAREV PTO is composed of five main elements. First, a mechanical gear is used in order to A. A heavily-coupled multi-physical problem increase rotational speed while decreasing the input torque. A This section will address the design methodology double-effect linear hydraulic ram, connecting the gear to the employed for the electro-magneto-mechanical solution.
The system is submitted to fluctuating swells that have becomes one of seeking the values of P such that the recovered previously been characterized. In order to recover the mechanical energy We is maximized (see Fig. 5 
L The reaction of this braking torque first on the pendulum, then on both the buoy and swell, has been well taken into Based on these excitation forces and in accordance with a We have conducted a sensitivity study of simulation time with multi-physical hydrodynamic-mechanical-electrical model, the respect to the average power calculation. power and recovered electrical energy are calculated at each A minimum simulation time thus proves necessary before pointein time overia fixediterd aT.ve, the transient state can be neglected. We set a simulation time Given the coupling indicated above, the choice of control of 800 sec for the purpose of our simulation runs (see Fig. 6 ).
mode exerts a significant influence on overall system behavior as well as on generator design.
-
The optimization step consists of seeking the law of instantaneous electromagnetic torque variation TR(t) that maximizes recovered energy and minimizes peak power. The diagram below illustrates this optimization methodology. 
1) Optimization with constant recovery coefficient/3
We start by imposing a viscous damping type of torque:
where f3 is the viscous damping coefficient, which remains Simulations were also run on various types of swells. We tracked the set of points swept in the {Speed, Power} planes 2) Power leveling ( Fig. 8) 06.
The optimal value of recovery coefficient I3opt depends on the type of swell acting upon the system and must be adjusted for swell characteristics. We will present below, in the form of a scatter diagram, the average recovered power levels ( Fig. 10) 0-2 along with the corresponding optimal values of recovery coefficient I3opt (Fig. 11) , for various types of swells. 3) Latching[77 Total mass constitutes one criterion among others, as the cost Lathin cotrlcnsitsof ockng(lachig)themoton of raw materials could be used similarly in weighting of~~~~~~~~~~~~~th boya.h.ntntwe.t eoit aihs hl materials by their specific cost instead of their mass density. waiin fo th wav force....... to hav rece th ptml hs
The design outcome for a swell with a characteristic height of to~~~rees th bd. Th boyte trsmvn rmti 3 m and period of 8 sec (i.e. the reference swell) iS shown in iniia poito to th nex vaihn velocity poiin whrei Figure 18 . Depending on the site where the swell generator is * * r r r r r r r 1 r1 *~~~~located these characteristics might not necessarily be the most iS once again latched, and so forth and so on. Instead Of being Optimization results on the peak power design (high levels for
We are then in a position to compare dimensions of the power electronic converter) and in terms of machines with the same 4-kW losses for all three control electromagnetic generator mass, with a very large number of modes [6] .
poles, were compared across the various control modes. The viscous damping and leveling control therefore appear to be 
